This paper discusses the use of Fibre Bragg grating sensors (FBG) in structural health monitoring (SHM) of Fibre reinforced polymer (FRP) aerospace structures. The diminutive sensor provided the capability of embedding inside FRP structures in order to monitor vital potential locations for damage. Some practical problems associate with manufacturing process of FRP with embedded FBG sensors, interrelation of distortion to FBG spectra with damage, and interpretation of FBG spectral responses for identifying the damage will be discussed.
INTRODUCTION
Fibre reinforced polymer (FRP) materials have been in use as an engineering material for more than six decades. The main attraction of FRP is its superior weight to strength ratio. With very high strength and stiffness relative to weight, laminated composites are widely used in modern aircrafts (including Boeing 767 to 787 and Airbus 320 to 380) and have great potential in other large-scale structures such as ground vehicles, ships and bridges. The other desirable properties such as ease of fabrication to complex shapes and the ability to vary its properties to suit the applications are enviable for an advanced engineering material. Since the research and development in the aircraft industry focused on fibre composites for many years, most of the advanced fibre composite materials available today is one way or another have their origins in this field. The commercial aircraft industry is willing to replace metallic parts with composites as much as possible. Hence composite materials are frequently applied to primary load-bearing structures in newly developed aircrafts. However the main disadvantages of using composite materials in aircraft industry are difficulty of repair, anisotropic materials behavior, degradation of strength with time, difficulty of modification, cost and most importantly the complex failure criteria. Because of these undesirable properties, the composite structures in aircrafts need to be closely monitored to prevent unexpected failure. Aerospace structures can include stress-concentrated regions such as pin-loaded holes. These stress concentrations easily induce damage that concurrently includes splits, transverse cracks and delamination 1, 2, 3 . Further, the laminated composites tend to delaminate even under low energy impact. Delaminations may propagate under service loading, leading to final failure. The presence of delaminations will hence greatly reduce the load carrying capacity of laminated structures. Since delaminations are not observable from the surface of the structure, its detection and characterization is very difficult. To improve the safety and reliability of laminated composite structures, an effective technique for delamination detection is highly desirable. As such structural health monitoring techniques are critical to avoid catastrophic failures of composite structures 4,5 .
SHM for FRP
The process of implementing a damage detection and characterization strategy for engineering structures is referred to as Structural Health Monitoring (SHM). Here damage is defined as changes to the material properties or to the response of the structure. The SHM process involves the observation of a system over time using periodically sampled dynamic response measurements from an array of sensors. Most of the offline non-destructive test (NDT) methods do not fall into SHM.
With the complex failure modes of FRP materials, the need of structural health monitoring became vital. With the increasing utilization of FRP materials in the aerospace industry for primary aircraft structures, such as wing leadingedge surfaces and fuselage sections, has led to rapid growth in the field of structural health monitoring. Impact, vibration, and load can all cause failure, such as delamination and matrix cracking, in composite materials. Moreover, the internal material damage can be invisible to the human eye, making inspection of and clear insight into structural integrity difficult using currently available evaluation methods.
The SHM system developed to monitor aircraft structure must be capable to identify multiple failure criteria of composite materials. Since the behaviour of composites is anisotropic, multiple numbers of sensors must be in service to monitor these structures under multi directional complex loading conditions. Layered structure of the composites makes it difficult to predict the structural behaviour only by using surface sensors. To address this issue embedded sensors must be used and the sensors used must be with long enough life time since it is not possible to replace embedded sensors after fabrication of the parts. Fibre Bragg grating (FBG) sensor is one of the most suitable sensors for the health monitoring of aircraft structures. The FBG sensors can be embedded in composite materials during the manufacturing of the composite part with no effect on the strength of the part since the size of the sensor is diminutive. This sensor is suitable for networking since it has a narrowband with wide wavelength operating range hence can be highly multiplexed. This non conductive sensor can operate in electromagnetically noisy environments without any interference. The FBG sensor is made up of glass which is environmentally more stable and with long life time similar to composites. Because of its low transmission loss, sensor signal can be monitored from longer distances making it suitable for remote sensing 6, 7 . Its capability to detect stress gradients along its length can be used to identify the stress variations in the composite materials by means of chirp in the reflected spectra of the FBG sensor 8, 9 . This phenomenon can be used to detect damage in the composite structures 10, 11 . But it has been reported that the chirp of the FBG spectrum is not limited to stress concentrations 12 . There are other causes of chirp and it is necessary to eliminate such effects to identify damage accurately. Other emerging technique in the fibre optic sensor field is the Pulse-Pre-Pump Brillouin Optical Time Domain Analysis (PPP-BOTDA) method 13 . It has been reported the capability of achieving 2cm spatial resolution using this system for strain measurements. The PPP-BOTDA based system has been successfully used in various industrial applications. However, it was so far able to measure the static or quasi-static strain, only.
Use of FBG sensors for SHM in aerospace structures
Fibre Bragg Grating (FBG) sensors has been using for SHM of composite materials efficiently for more than two decades. Recent advances in FBG sensor technologies have provided great opportunities to develop more sophisticated in-situ SHM systems. There have been a large number of research efforts on health monitoring of composite structures using FBG sensors. The ability to embed inside FRP material in between different layers provides the closer look upon defects. The attractive properties such as small size, immunity to electromagnetic fields, multiplexing ability are some of the advantages of FBG sensors. The lifetime of FBG sensor is well above the structures and also it provides the measuring of multiple parameters such as load/strain, vibration and temperature 14 . Use of FBG sensors to detect damage is first reported in 1984 by Crane et al. Since then many researchers have reported the use of FBG sensors to damage detection in composite materials. Fibre Bragg grating sensors have attracted much attention for health monitoring applications due to their great advantages, such as high accuracy in measuring strain and/or temperature and multiplexing capability. Monitoring strain by measuring the wavelength shift of the light reflected from the FBG sensor has often been applied in conventional health monitoring 15 . 23 have reported successful detection of a crack using two FBG sensors. Two perpendicular FBG sensors were located near a crack and using the spectrums the crack was reported identified. However, the chirp and distortion to the spectra of the FBG is also dependent of the loading condition. Wang et al. (2008) 12 reported that the transverse loading on FBG sensor effects the spectra. Uncertainties of wavelength measurements were pointed out by Dyer et al. (2005) 24 .
EMBEDDED FBG SENSORS

Embedding process
A major advantage of using FRP material is the possibility to decide on number of layers and layup orientation. In a FRP aerospace structure there are number of layers with multiple orientations. The layers placed on one top on other and hence it is possible to embed FBG sensors in any layer. The main objective of the process of SHM using FBG sensors is to identify the stress concentrations caused by damage inside a structure. In the layered FRP structures, it is difficult to use surface mounted or external sensors to monitor inside damage effectively. The ability to embed FBGs inside laminated FRP components at different layers provides an opportunity to closer look at defects such as delaminations and cracks. The FBG sensor is sensitive to stress gradients along the gauge length of the sensor and display it as a chirp from its response spectra.
The process of embedding FBG sensors in FRP materials is quite complicated. The level of difficulty is largely dependent on the geometry of the component, lay-up configuration and embedding location of the sensors in the part. In general FBG sensors will be placed closer to critical sections of the structure where high stress concentrations are predicted. However, in reality locating FBGs in predicted locations are not always possible. In those situations many FBGs sensors need to be embedded in the surrounding area closer to the critical locations of the structure to capture strain levels. As such, multiplexed FBG sensors play a critical role in SHM of aerospace structures.
Generally identification of critical locations of composite structures will be performed by Finite Element Analysis (FEA) techniques. Figure 1 shows the FEA analysis on a base of a helicopter blade using commercial FEA software, ABAQUS © . From the FEA results the locations of stress concentrations have been identified. To monitor the stress concentration FBG sensor needs to be located at the hot spots shown in the figure 1(a). Figure 2(b) shows the completed part with embedded FBG sensors. There are many challenging practical problems associated with embedding FBG sensors in a composite component. For an example application of pressures as high as 700kPa on a laminate with FBG sensors may break the sensors. Figure  2 (a) shows a support given to the side lobe of a sensor that comes out from a laminate. It has been observed that having a protective rubber layer on the fibre has prevented a considerable number of FBG breakages. For composites, a cheaper production method is needed that can characterize the process, and produce low expense composites with predictable traits. The autoclave process is extremely costly; in capital, skilled labor and time. Quality control is very hard with hand layup method. A cheaper alternative is the vacuum bag and oven process, which requires fewer and cheaper materials, and produces composites with similar traits. The vacuum used had a maximum pressure of 80kPa, which can still produce quality laminates.
Support for the out coming end of the sensor FBG Sensor Figure 3 shows the use of hand layup process to fabricate FRP panel with embedded FBG sensors. Since the FBG sensors are brittle an extra care has been taken to avoid pre-mature failures. The control of FBG breakages can be achieved at a reasonably high level at laboratory level. The problems will not be the same in real life manufacturing processes of composite components.
Curing effect on FBG sensors
During the curing process the FRP materials subjects to shrinkages. The shrinkage is depends on the resin used and the fibre fraction. The shrinkage applies a compressive loading on FBG sensor and as shown in the figure 4 the peak of the FBG sensor will settle in a new location after the cure. An application of pre-tension on the sensor has shown a potential of avoiding this effect. It has been seen that a significant distortions in the FBG sensor due to lateral residual stresses acting on the FBG grating. This distortion is significant in thick, plated structures. In the case of FBG sensor which was embedded between non parallel fibres, the distortion was substantial. The reason for the distortions can be attributed to uneven transverse loads applied on the FBG grating by the adjacent fibers as discussed in section 3. Figure 5 . Distortion of the peak during curing due to shrinkage of thick FRP plate.
Loading effect of FBG sensor
FBG sensors are very good in strain measurements and the linear unidirectional sensitivity in the axial direction of the sensor is desirable for accurate and reliable strain readings. In such applications, the FBG sensor undergoes pure elongation or contraction and hence, the cross-section always remains in circular shape. In multidirectional loading cases, FBG sensor may be subject to torsional deformations other than linear elongation or contraction. For example, when a torque is applied to a composite sample which has an embedded FBG sensor, it undergoes a twist which may cause changes to its cross-section. Another possibility of changed cross section of FBG sensors under torsional loading is due to micro-bending of the grating 25, 26 . The embedded sensor is not always laying on the matrix and there is a possibility of laying an FBG between reinforced fibre mats. In that situation, when the structure is subjected to lateral pressure, the fibre sitting on FBG sensor will press the FBG sensor against the fibres, causing the sensor to get micro bends. These changes of the cross-section of FBG lead to changes in the refractive index of the core material of the sensor. Since the changes are not uniform along the grating length, the refractive index of the sensor unevenly varies along the grating length of the sensor causing distortion in the FBG spectra. Figure 6 . Distortion of the peak due to applied torsion and tension combined loading.
As such, it is obvious that the distortion of FBG sensors is dependant on the type of loading. The effect of the twist and micro bending of FBG sensors under multi-axial loading may have been the cause for this discrepancy. The change of section geometry of the FBG sensor could lead to variation of refractive index of the FBG core material which will cause distortion of FBG response spectra.
Interrogation of FBG spectral response
Basic principle of FBG interrogation generally uses wavelength scanning. The light source can be a narrow band tunable laser or a broadband light source covering the whole measurement band together with a tunable optical filter. The wavelength-scanning can be realized through scanning the wavelength of the laser or tuning the filter. Recently several new technologies have been implemented in FBG interrogation systems. However some of these technologies show acquisition/transmission rate limitations, making the interrogators suitable only for static and long-term monitoring. Some applications need a large number of sensors to be detected with a single interrogation system. In such cases, a large dynamic wavelength range is needed in order to compensate fiber losses in the network. In addition, processing of a large number of sensors simultaneously at high-speed is another challenge. Dissection of distorted FBG spectra and interpretation of strain data is another challenge face by the researchers who are working on FBG based SHM systems. When an FBG undergoes a uniform strain along the grating, the FBG sensing principle becomes easier since the Bragg wavelength shifts proportionally to the strain and temperature. However in a non-uniform strain field, the Bragg wavelength condition is more complicated. As a consequence of stress concentrations along the FBG grating, the reflected FBG spectrum is broadened and split into multiple peaks. In such a case, the Bragg wavelength is difficult to track and interpret accurately. Among the FBG sensor interrogation mechanisms, the most widely used methods include wavelength scanning and various interferometric approaches. For interrogating a large number of sensors, there are wavelength domain multiplexing (WDM), time domain multiplexing (TDM) with a modulated light source, and hybrid technologies in use. The wavelength interpretation can also be performed by different ways such as peak wavelength searching and tracking, curve fitting, and zero-crossing algorithms. Such interrogation technologies suffer from speed limitations of the data acquisition systems. Consequently, these limitations preclude their use for vibration, impact, and other dynamic measurements which require a high speed interrogation. Another drawback in the practical application of FBG sensors is the lack of equipment for the high-accuracy measurement of small shifts of the Bragg peaks. Some commercially available analyzers exhibit a resolution of up to 1 pm, which corresponds to a temperature variation of 0.1°C and a relative strain of about 1.5 μm. However, the practical application of such devices is limited due to their relatively high price. Unfortunately, an OSA is often a poor choice if high-accuracy results are needed. One source of error is wavelength calibration.
No load position of the peak Distorted peak due to torsion and tension combined loading
Operating range of the OSA limits the multiplexing capability of the sensors. Each sensor should be placed so that the operating ranges are not to overlap. In strain measuring applications the maximum wavelength shift possible without breaking the sensor is about 4000 micro stain which is a limitation in FBG sensors.
SELF DISTORTION OF FBG SENSOR
Embedding FBG sensors in between non parallel fibre layers will leads to application of uneven transverse loads on the FBG sensor as shown in the figure 7. The pressure load applied on FBG sensor by the outer glass fibre layers, can distort the cross section of FBG to an oval shape. Since the FBG sensor is placed in-between non-parallel fibre layers, micro bending of the sensor is also possible. The top layer fibres undergo tension due to loading. Due to the large diameter of the FBG sensor, compared to the diameter of glass fibres, there are additional transverse forces on the FBG sensors which lead to a micro bending as shown in figure 8.
Both these effects will lead to a variation of the refractive index of the core material, causing the chirped spectrum. The variation of Bragg wave length λ B , as a function of change in the refractive index Δδn, and the grating period δΛ , is given below.
δλ B 2Λ ηΔδn 2n δΛ
Where η is core overlap factor of ~0.9 times the shift of Bragg wavelength 14 . Figure 7 . Twist of the sensor due to torsional loading The effect of twist and micro bending was independently identified by separately subjecting an FBG sensor to twist and micro bending. It has been observed that micro bending causes small sharp peaks on FBG spectra ( figure 9(a) ) and twisting causes chirp with smooth peaks ( figure 9(b) ). 
ANALYSIS OF FBG SPECTRA FOR IDENTIFICATION OF DAMAGE
From the observation it is clear that the multiple causes are creating distortion to the FBG response spectra. Most of the effects cannot be eliminated in advanced applications. In order to identify damage from the distortions to the FBG response spectra, the individual effect from each effect needs to be identified and eliminated. To identify the pure effects from the damage massive computational power is required for post processing of the spectral data. The figure 10 shows an FBG response spectra near damage and the part is under complex multi-directional loading. Figure 10 . Distorted FBG spectra due to multiple effects.
Processing FBG data
One approach to overcome the difficulties associate in dissection of FBG spectra is to develop a system to compare the spectra with the initial conditions of the structure. The responses of the FBG during the undamaged states of the structure can be recorded and this can be used as a reference. In order to detect any new distortions to the spectra caused by new damage, comparison with undamaged status data can be used. Incorporating these data into a statistical decision making algorithms would predict the integrity or the condition of the structure. The main drawback of advanced statistical decision making algorithms is the amount of data needed for the training of such algorithms.
CONCLUTIONS
The superior performances and the unique advantages of the FBG sensors have strongly established their place for SHM of FRP aerospace structures. The damages such as delaminations and internal cracks which are very difficult to detect using other means of surface mounted sensors can be detected using the embedded FBG sensors. At this stage the success of SHM with FBGs are limited to laboratory applications. However to make this technology more applicable in real life applications more research are warranted. The embedding technology, robustness of the sensors and FBG interrogation techniques must be critically addressed. The post processing of FBG spectral data needs to be developed with the recent advancements of statistical data analysis algorithms. 
